Complex regional pain syndrome (CRPS) and fibromyalgia (FM) share many features. Both can cause severe pain and are considered to have a mechanism of action, including dysfunction of the sympathetic nervous system. However, they have clinical differences in pain range and degree. The present study aimed to find neurophysiologic differences between CRPS and FM using quantitative electroencephalography (QEEG). Thirty-eight patients with CRPS and 33 patients with FM were included in the analysis. Restingstate QEEG data were grouped into frontal, central, and posterior regions to analyze for regional differences. General linear models were utilized to test for group differences in absolute and relative powers. As a result, the CRPS group relative to FM group showed lower total absolute powers in the beta band (F = 5.159, P < .05), high beta (F = 14.120, P < .05), and gamma band (F = 15.034, P < .05). There were no significant differences between 2 groups in the delta, theta, and alpha bands. The present findings show that the CRPS and FM groups differ mainly in the high frequency, which may reflect their distinct pathophysiology and symptomatology. Our study suggests that the QEEG differences can be clinically useful in assessing brain function in patients with CRPS and FM.
Introduction
Chronic pain afflicts people of all ages. A recent study conducted in South Korea found that 87.7% of women and 63.8% of men aged over 60 years experienced chronic pain. [1] Chronic pain is distinguished from acute pain by its duration; pain that lasts for more than 3 months is classified as chronic pain. [2] Chronic pain is also defined when the pain is severe or persistent after a tissue injury is restored. [3] Complex regional pain syndrome (CRPS) is a chronic pain disorder in which severe pain occurs at a specific site after trauma. Most patients with CRPS show abnormal sudomotor activity, edema, and trophic skin changes. [4] In addition, patients with CRPS experience a spectrum of painful sensations, including hyperalgesia or mechanical, cold, or heat allodynia. [5] As described in a series of publications by Schwartzman et al, [6] CRPS is a chronic condition, characterized by severe neuropathic pain typically preceded by an injury (77% of cases) or surgical procedure (11%), but sometimes occurring without antecedent tissue damage. The mechanism of action of CRPS is thought to involve dysfunction of the sympathetic nervous system (SNS), although its etiology is poorly defined. [7] It is believed that there is a complex interplay between inflammatory mediators and the SNS, including sympathetic neurons releasing norepinephrine, which acts on adrenergic receptors, causing an increase in the amount of proinflammatory cytokines produced, ultimately leading to peripheral pain sensitization. [8] Fibromyalgia (FM) is a disorder in which skeletal muscle or adjacent fibrous tissue is painful, or becomes so in response to use or physical pressure. [9] FM is characterized by chronic widespread pain and diffuse tenderness. [10] Most patients with FM complain of subjective symptoms such as anxiety, fatigue, forgetfulness, nonrestorative sleep, difficulty concentrating, and psychologic distress. [9] Similar to CRPS, the exact mechanism underlying FM remains unknown, but a central, sympathetically mediated mechanism is suspected. [11] Various psychologic interventions for pain have been employed to counter central sensitization and hyperactivity of the SNS. [12] The characteristics of FM suggest that it should be classified as dysfunctional pain, reflecting a malfunction in sensory processing within the central nervous system (CNS).
The CRPS and FM share many features: both are chronic pain disorders that can cause severe pain, and both are considered to have a mechanism of action involving dysfunction of the SNS. However, CRPS is more intense, being marked by burning, aching pain, and exhaustion, and a highly localized area of pain. Relative to CRPS, FM is associated with less intense and generally widespread pain, and tenderness in the musculoskeletal system. In addition, unlike FM, CRPS is usually characterized by changes in skin color and temperature at the site of the original tissue injury, suggesting local sympathetic hyperactivity. [9, 13] However, there is no recognized biologic basis for distinguishing between CRPS and FM. Thus, in this study, we used quantitative electroencephalography (QEEG) to investigate neurophysiologic differences between patients with CRPS and FM.
In QEEG, EEG data are quantitatively analyzed to generate brain maps, which are then used to estimate brain function; analog EEG data are converted to a digital format using a computer. The conventional method of QEEG is spectrum analysis, in which fast Fourier transformation converts a complex waveform into a signal showing the amplitude per cycle. [14] In a previous study using QEEG, patients with FM showed reduced absolute power in low-to mid-frequency waves (delta, theta, and alpha) in the frontal area, and elevated high-frequency (beta) relative spectral power in frontal and central areas compared to a normal control group. [15] Delta, theta, and alpha activities are associated with cognitive performance. [16, 17] It suggests that the absolute power is lower in the low-to mid-frequency range in patients with FM compared to normal controls, indicating cognitive deterioration. According to research showing that patients with CRPS have cognitive deficits, [18] we predicted that patients with CRPS would show reduced absolute power in the low-to mid-frequency range. On the contrary, beta activity is known to increase as beta band power decreases during the preparation and execution of voluntary movements, and when movement must be sustained or spontaneously suppressed. [19] [20] [21] Whereas FM is associated with a central mechanism and elevated beta wave activity, patients with CRPS may exhibit lower beta wave activity because the condition is hypothesized to relate mainly to peripheral nerve injury.
To date, there have been QEEG studies on FM but not on CRPS. Thus, we herein explored commonalities and differences between CRPS and FM based on QEEG data. We aimed to determine the characteristics distinguishing the two disorders through an analysis of physiologic parameters. We hypothesized that patients with FM were expected to show higher beta wave activity than those with CRPS.
Materials and methods

Participants
We analyzed the QEEG data of 38 patients diagnosed with CRPS and 33 diagnosed with FM; all data were from patients who visited Seoul National University Hospital, Seoul, Korea, between 2014 and 2016. Patients with CRPS were diagnosed at the Department of Anesthesiology based on the "Budapest criteria." An anesthesiologist at the Department of Anesthesiology diagnosed patients with FM based on the FM criteria of the American College of Rheumatology. The study protocol was approved by the Seoul National University Hospital Institutional Review Board (Seoul, Republic of Korea). The acquisition of the informed consent from the patients was waived due to the retrospective nature of this study.
EEG recordings
The participants were seated in a resting state in an isolated and sound-shielded room connected to a recording room via a 1-way glass window. The EEG recordings lasted for 10 minutes: 4 minutes with the eyes closed, 2 minutes with the eyes open, and 4 additional minutes with eyes closed.
The EEG data were acquired using a SynAmps2 Amplifier (Compumedics, Abbotsford, Australia) and NeuroScan 4.3 (Compumedics). Twenty-one electrodes were attached to the scalp (Cz, FPz, Fz, Oz, Pz, T4, O2, T6, C4, P4, Fp2, F8, F4, T3, O1, T5, C3, P3, Fp1, F7, and F3) according to the international 10 to 20 system, with 2 electrodes used for tracking eye movements. Reference electrodes (single-channel bipolar electrodes) were attached to the mastoids. The ground channel was located between FPz and Fz. The signals were sampled at a frequency of 500 Hz. The electrode impedance was below 5 kV, and the EEG signal was band-pass filtered at 0.1 to 60 Hz using the NeuroScan 4.3 device; recordings were transferred to NeuroGuide software (ver 2.5.5; Applied Neuroscience, Inc, St Petersburg, FL) for spectral analysis in a 32-bit file format, and 19 sites were selected from the set within NeuroGuide: FP1, F3, F7, Fz, FP2, F4, F8, T3, C3, Cz, T4, C4, T5, P3, O1, Pz, T6, P4, and O2. Artifact removal was performed offline using the artifact rejection toolbox of NeuroGuide. The EEG recordings were also visually inspected to eliminate eye muscle movements and other artifacts, and artifact-free epochs of approximately 90 seconds, under eyes-closed conditions, were selected for spectral analysis. The absolute (uV 2 ) and relative (%) power components were smoothed using fast Fourier transformation and averaged using the spectral analysis system of NeuroGuide in 7 frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), high beta (25-30 Hz), gamma (30-40 Hz), and high gamma (40-50 Hz).
Statistical analysis
Statistical analyses were performed using SPSS software (ver 23.0; IBM Corp, Armonk, NY), and P-value <.05 was considered statistically significant. The activity at each of the 19 selected sites was classified into 3 categories, by region: frontal (FP1, F3, F7, Fz, FP2, F4, and F8), central (T3, C3, Cz, T4, and C4), and posterior (T5, P3, O1, Pz, T6, P4, and O2). Because there were more than 2 dependent variables, a multivariate analysis (MANOVA) was performed to statistically analyze the values by group and area.
Results
Demographic characteristics of the study participants
The average age of the 38 patients with CRPS (23 males and 15 females) was 40.49 ± 12.10 years, and that of the 33 patients with FM (11 males and 22 females) was 43.18 ± 14.03 years. There was no significant difference in age between the groups, but there was a difference in sex (t = À0.859, P < .05). Therefore, sex was included as a covariate in the MANOVA. Table 1 shows that there was a main effect of group in terms of the absolute power of the high-frequency EEG signals (beta, high beta, and gamma bands). In all areas, the CRPS group showed lower absolute power in the beta band (CRPS group, 15.941; FM (Fig. 3) . In addition, we found a main effect of group on the theta/beta ratio. The CRPS group showed a higher delta/alpha ratio in central (CRPS, 0.777; FM, 0.496; P < .05) and posterior (CRPS, 0.424; FM, 0.297; P < .05) areas, and a higher theta/beta ratio overall (CRPS, 1.194; FM, 0.882; P < .05). We found no significant difference in low-to mid-frequency EEG signals (delta, theta, or alpha bands), and no group-by-region interaction for absolute power or the theta/beta ratio.
EEG activity
Discussion
To our knowledge, this study is the 1st to compare EEG data between patients with CRPS and FM. The CRPS group relative to FM group showed lower absolute power in the beta and high beta bands, overall and in frontal, central, and posterior areas. The absolute power was also low in the gamma band in frontal and central areas. Two groups showed neurophysiologic differences mainly in high frequency band rather than low-to mid-frequency band.
It is well established that beta band power decreases during the preparation and execution of voluntary movements. [19] [20] [21] Recent studies showed that bursts of beta activity were associated with strengthened sensory feedback during static motor control, and reduced beta activity during movement. [22] Beta activity also increases when movement must be inhibited or voluntarily suppressed. [23] Elsewhere, an increase in beta activity induced by transcranial alternating current stimulation over the motor cortex slowed subjects' movements. [24] In addition, abnormally high beta activity has been hypothesized to be indicative of a hyper-aroused CNS, stress, inability to relax, and anxiety. In this study, higher beta wave activity was observed in patients with FM than in patients with CRPS. Presumably, this reflects the central sensitization seen in idiopathic FM, which differs from the peripheral sensitization that characterizes CRPS following paininduced brain changes.
The gamma band is associated with the simultaneous processing of information from different brain areas, and with cognitive processes such as perception, attention, and memory. [25] In disease states, these fast-frequency brain waves often appear distorted compared to those of control subjects. [26] Furthermore, different aspects of gamma oscillatory activity are thought to be related to abnormal brain activity, and perhaps also to the pathophysiology of various disorders. Reduced gamma power in CRPS relative to FM might be associated with comorbid psychiatric disorders in patients with the former disease.
Additionally, studies using QEEG have shown increased beta bands in patients with psychiatric disorders. [27] One example is that the symptoms of agitated depression were linked to reversals of beta waves. [28] In addition, a previous study reported an increment of the level of attention in patients with depression when treated by QEEG using the neurofeedback system. [29] Considering that patients with CRPS or FM more likely have psychiatric disorders, including depressive and anxiety disorders, [30, 31] the increment of the spectral high bands can be associated with diverse psychiatric pathologies. It is necessary to pay attention to existing co-occurrence and their distinction.
In this study, the CRPS group showed a higher delta/alpha ratio in central and posterior areas, and a higher overall theta/ beta ratio, compared to the patients with FM. The delta/beta ratio is known to be important in recovery from disease and the outcome of therapy. [32, 33] The higher delta/alpha ratio of our CRPS group suggests that treatment was not successful. The theta/beta ratio is known to be negatively associated with cognition and attention. [34, 35] In this study, the CRPS group showed a higher theta/beta ratio than the FM group, indicating that cognitive and attention are more impaired in the former condition.
There are several limitations to this study. First, given its retrospective cross-sectional design, it was difficult to interpret the correlation between the mechanism underlying pain in CRPS and FM and the QEEG data. Furthermore, patients were selected based only on the main diagnosis documented in their medical records, such that the effects of other, coexisting diseases cannot be excluded. Third, the generalizability of the results is limited because the progression of symptoms and neurologic changes over the disease course may affect patient outcomes. Moreover, only the patient groups were included in the study and there was no control group. Although difficult to recruit, it is advantageous to include large numbers of patients with CRPS and FM and healthy controls prospectively in studies thereon. It should also be noted that most of our patients were taking antipsychotic medications, the effects of which likely acted as a confounding factor. The relationship between the patients' pain levels and the QEEG data could not be confirmed because no pain scale, such as the Numeric Rating Scale, was used to assess pain at the time of presentation. Finally, for the statistical analysis, a MANOVA was performed on EEG data measured at 1 electrode and classified into 3 categories by area; however, the mutual influence of the electrodes cannot be completely ruled out. In this study, we observed no differences between the CRPS and FM patient groups in delta, theta, or alpha waves, but there were differences in the beta, high beta, and gamma bands. This suggests that the similarities and differences between the 2 diseases are reflected in EEG data. Thus, we conclude that QEEG analysis is instructive in showing differences between CRPS and FM, and that it has the potential to be clinically useful for assessing brain function in these patient groups. In subsequent studies, it will be important to compare patients with healthy controls to validate the present results. Figure 1 . Differences of the absolute power in the beta band between complex regional pain syndrome (CRPS) and fibromyalgia (FM) group. The CRPS group relative to FM group showed lower absolute power in the beta band. * P < .05. FFT = fast fourier transform. Figure 2 . Differences of the absolute power in the high beta band between complex regional pain syndrome (CRPS) and fibromyalgia (FM) group. The CRPS group relative to FM group showed lower absolute power in the high beta band. Figure 3 . Differences of the absolute power in the gamma band between complex regional pain syndrome (CRPS) and fibromyalgia (FM) group. The CRPS group relative to FM group showed lower absolute power in the gamma band. * * * P < .001, * * P < .01, * P < .05. FFT = fast fourier transform.
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